[1] The planet Venus has a dense atmosphere, and hence an ionosphere, and does not possess an intrinsic magnetic field. The solar wind interacts directly with the atmosphere and ionosphere of Venus. The Pioneer Venus Orbiter (PVO) observed many small-scale magnetic rope-like structures within the ionosphere. We examine thermal pressure variations for $2000 ropes for a wide range of altitudes and solar zenith angles. We demonstrate that flux ropes are statistically force-free at low altitudes, meaning that a decrease of thermal pressure variation across them is not needed to compensate for the magnetic pressure in these ropes. However, at higher altitudes, there is a statistical tendency for ropes to display a thermal pressure variation across them, indicating that these ropes are not fully force-free.
Introduction
[2] Venus lacks an intrinsic magnetic field so the solar wind interacts directly with the ionosphere. Electrical currents are induced within the ionosphere, and a magnetic barrier to the solar wind flow is formed (see reviews by Cravens et al. [1997] , Luhmann et al. [1997] , Luhmann and Cravens [1991] , Luhmann [1990a Luhmann [ , 1990b , and Russell and Vaisberg [1983, and references therein] ). The Pioneer Venus Orbiter (PVO) found that the ionosphere can exist in two states: (1) magnetized or (2) unmagnetized. When the ionosphere was magnetized, the solar wind dynamic pressure was greater than the maximum ionospheric thermal pressure, and large-scale magnetic features were found within the ionosphere. In the second case, the maximum ionospheric thermal pressure was larger than the solar wind dynamic pressure and no large-scale magnetic features were found. However, small-scale magnetic features were present.
[3] The small-scale magnetic structures (called magnetic flux ropes) observed by the PVO magnetometer were surrounded by unmagnetized plasma within the dayside ionosphere of Venus. Russell [1983a, 1983b] and the reviews by Russell [1990] and Luhmann [1990a] described the properties of these magnetic flux ropes, which we summarize here. The magnetic field exhibits ''rope-like'' properties [Russell and Elphic, 1979; Russell, 1983a, 1983b] with an axial field near the center and a more azimuthal field at increasing radial distances (see Elphic and Russell [1983a] for a diagram illustrating this structure). Ropes at low altitudes and at solar zenith angles (SZA) less than 45°tend to be more tightly twisted than ropes found at high altitudes and at larger solar zenith angles. The number of flux ropes increases with decreasing altitude, with most occurring between 160 and 200 km. The axes of the ropes are randomly oriented, except for highaltitude ropes near the terminator that tend to have an orientation parallel to the planet's surface. The magnetic field strength of the observed ropes was found to range generally between 20 and 80 nT, with strong ropes being more common at low altitudes. Most of the ropes were found to be force-free structures, with field-aligned currents and small values of J Â B, where J is the current density and B is the magnetic field vector. See Russell [1983a, 1983b] and the reviews by Russell [1990] and Luhmann [1990a] for more details. Some ropes at higher altitudes were apparently not fully force-free, meaning that J Â B 6 ¼ 0. An electron density plot for orbit 189 (see Figure 18 from Luhmann and Cravens [1991] ) shows dips in the density and hence, the thermal pressure, at the location of some of the higher-altitude ropes. The purpose of this paper is to present a more detailed and quantitative analysis of thermal pressure variations across flux ropes in the ionosphere of Venus.
[4] We examined the force-free nature of 2294 flux ropes encountered by the PVO during 45 sample orbits. The deviations in the magnetic and thermal pressures were calculated for each rope using the magnetic field, electron density, and electron temperature data obtained by instruments onboard the PVO. Deviations in the magnetic pressure and thermal pressure are compared for each rope. If the rope is force-free, then we expect that the increased magnetic pressure of the rope is not associated with a decrease in the thermal pressure across the rope. To the best of our knowledge, a quantitative comparison of this type has not yet been carried out. We find that ropes located below an altitude of 250 km are statistically force-free (as determined by thermal pressure variations), while high-altitude ropes (located at altitudes above 250 km) have a non-force-free component (i.e., exhibited a thermal pressure drop). Most of the high-altitude ropes for the time periods we considered were located at SZA less than 60°. We were unable to find a statistically reliable dependence on SZA for the probability of a rope being non-force-free.
[5] The formation and evolution of magnetic flux ropes in the ionosphere of Venus are still not understood. The current paper's statistical demonstration of the existence of pressure dips (and associated deviation from a force-free state, J Â B 6 ¼ 0) in conjunction with other information on flux ropes should help in the search for the formation/evolution mechanisms.
Force-Free Versus Non-Force-Free Equilibrium
[6] The magnetohydrodynamic (MHD) force balance equation for a plasma in static equilibrium and assuming a negligible gravitational contribution to the force balance reduces to [cf. Priest, 1990; Cravens et al., 1997] :
where J is the current density, B is the magnetic field, and p is the total thermal pressure (the sum of the electron and ion thermal pressures).
[7] The force-free condition occurs when each term in equation (1) individually equals zero:
For this force-free case the current density is in the direction of the magnetic field. Equation (2) implies that the gradient in the magnetic pressure is balanced by the magnetic tension force. The current density is given by Ampere's law (neglecting the displacement current) to be Figure 1 . The magnetic field strength, the electron number density, and the electron temperature for orbits (top) 189 and (bottom) 376.
Substituting this expression into equation (2) implies that r Â B is parallel to B, so
where r is the distance from the rope axis in a cylindrical coordinate system aligned with the rope. Several functions have been used for a(r) to model flux ropes; see the reviews by Priest [1990] and Russell [1990] .
[8] In the non-force-free case each of the terms in the momentum equation are not individually equal to zero:
In the extreme case of a magnetic flux ''tube'' with purely axial magnetic field the J Â B term may be written as the gradient of the magnetic pressure (neglecting the magnetic tension force term) and substituted into equation (1):
Thus, for a fully non-force-free rope (or flux tube) the increase in the magnetic pressure across the tube should correspond to an identical decrease in the thermal pressure. This can also be called the pressure balance limit. Of course, for the more realistic case of a rope neither exactly force-free nor fully axial (or fully ''non-forcefree''), magnetic pressure is only partially balanced by magnetic tension, and a ''partial'' pressure dip exists across the rope.
Procedure
[9] Measurements of the magnetic field, electron number densities, and electron temperatures made by the PVO on several orbits are used to find the magnetic and thermal pressures associated with each flux rope.
[10] The data were provided by the planetary data system (University of California, Los Angeles (UCLA) node). The magnetic field strength was measured by the PVO magnetometer, and the electron number density and temperature were measured by the electron temperature probe (OETP, which is a Langmuir probe) and also by the orbiter retarding potential analyzer (ORPA). For reviews of the ionosphere and solar wind environment of Venus based on the PVO observations, see Brace et al. [1983] and Donahue and Russell [1997] . The magnetic field measurements had a high sampling rate at 0.25 s. The electron density was sampled roughly every 2 s, but there is a variation of ±1 s and some gaps in the data. The electron temperature data we used had a 12-s average sampling rate (with a few gaps in the data). The differences in sampling rates between the electron density and temperature and the data gaps are accommodated with a simple linear interpolation. This may produce a smoothing effect in the calculated thermal pressure. An examination of ORPA data indicates that the ion temperature is roughly equal to half of the electron temperature. This assumption holds well for high altitudes, but it overestimates the ion temperatures below $275 km and for SZA less than 90°[ see Miller et al., 1980] . The error introduced into the calculated thermal pressures by this assumption is $10 -20%. However, the relative variation of the thermal pressure across a rope remains unaffected. Note that temperature variations across ropes will be negligible due to low temporal resolution of this type of data plus the smoothing procedure discussed above. Hence any pressure variations on the scale of a rope derived from the data originates in the electron density data that have higher resolution. Information on the Pioneer Venus Orbiter and its instruments can be found in the Pioneer Venus special issues in Space Science Reviews, 20, May 3 and June 4, 1977, and IEEE Transactions on Geoscience and Remote Sensing, GE-18, Jan. 1980.
[11] The diameter of a typical rope (10 -30 km or 1 -3 s) is comparable to the electron density sampling time of $2 s, which means that a rope is not always sampled by OETP. However, in the detailed data comparisons shown below in which ropes are labeled force-free or non-force-free, the electron density was measured near the middle of each rope. The electron density undersampling will also affect the statistical study to be discussed below, in that a non-force-free rope has some chance to appear as force-free (i.e., no thermal pressure decrease).
[12] Figure 1 shows the magnetic field strength, the electron number density and the electron temperature for orbits 189 and 376, plotted versus time. In each orbit, there are a few instances where an increase in the magnetic field corresponds to a decrease in the electron number density. An example of this can be seen for orbit 376 at a time index of 28072 s. This suggests that this magnetic feature may not be entirely force-free. There are other magnetic features that do not have a corresponding decrease in the electron number density; these structures should be force-free.
[13] The magnetic pressure, P B = B 2 /2m o , is calculated for each rope. We assume that the ionospheric plasma is quasineutral (n e = n i ) and that the ion temperature is half the electron temperature
The thermal pressure p T is the sum of both the ion and electron thermal pressures p T = p i + p e with p i = n i k B T i and p e = n e k B T e , respectively. The thermal pressure is calculated along each orbit. A smooth background component is calculated using an 11-point running average of the thermal pressure values centered at each data point (Figure 2 ). The thermal pressure deviation across a flux rope is the difference between the thermal pressure and the background pressure.
Results
[14] Figure 2 shows the magnetic, thermal, and background pressures calculated for orbits 189 and 376, plotted versus time, and they are representative of the ''unmagnetized'' state of the ionosphere. The bottom curve in each panel is the magnetic pressure. There are many smallÀscale fluctuations in the magnetic pressure curve. However, only 13 possible ropes for orbit 189 and 12 possible ropes for orbit 376 have peak magnetic pressures greater than 9.5 Â 10 À10 N/m 2 (| B | = 50 nT). Of course, in most cases, PVO certainly did not completely traverse the rope but missed the center by some distance. During orbit 189 the background pressure (bold curve) peaks near an altitude of 177 km. This occurs before the peak electron density is encountered during this orbit (7.687 Â 10 4 s versus 7.695 Â 10 4 s for the electron density). This difference may be attributed to the increase of the electron temperature with increasing altitude. The background pressure for orbit 376 is smoother than that of orbit 189, with two local maxima that encompass the peak electron density. There is a large amount of variation in the thermal pressure results. In some instances, dips in the thermal pressure (with respect to the background pressure) coincide with increases in the magnetic pressure as the PVO encountered a flux rope. The ropes in these cases must have a non-force-free component. Force-free ropes show no correlation between the increased magnetic pressure and the dips in the thermal pressure.
[15] Figure 3 shows the pressure profiles for a sample of forcefree ropes from orbits 189 and 376. In each case the increase in the magnetic pressure greatly exceeds the variation in the thermal pressure. The peak magnetic pressure exceeds 1.5 Â 10 À9 N/m 2 for each rope shown. The corresponding dips in the thermal pressure are less than 0.5 Â 10 À9 N/m 2 , which is within the background noise of the data.
[16] Figure 4 shows the pressure deviations for a sample of nonforce-free ropes from orbits 189 and 376. In each case the increase in the magnetic pressure across the flux rope is largely (albeit not entirely) compensated for by a decrease in the thermal pressure. The decrease in the thermal pressure is larger than the scatter in the background pressure for each of the non-force-free ropes shown here.
[17] Figure 5 is an example of a hodogram based on a minimum variance analysis of the magnetic field components of a force-free rope (see discussion of such hodograms by Elphic and Russell [1983a] or the review by Russell [1990] ) from orbit 189 and a nonforce-free rope from orbit 376. The pressure decreases across these ropes are shown in Figure 3 (top) and Figure 4 (bottom). The difference between the maximum and minimum values in the i and j magnetic field components are each $95 nT in the case of the forcefree rope. The corresponding B i versus B j hodogram for this rope is nearly circular. The differences in the maximum and minimum values of the i and j magnetic field components are $50 and 24 nT, respectively for the non-force-free rope. The corresponding B i versus B j hodogram for this rope is elliptical, rather than nearly circular like the hodogram for the force-free rope.
[18] Figure 6 is a scatterplot of the magnetic pressure versus the thermal pressure deviation that includes every high-altitude (greater than 250 km) rope. The vertical line at 1.00 Â 10 À9 N Á m À2 represents the magnetic pressure associated with a magnetic field strength of 50 nT. The horizontal line at zero pressure deviation, p T = 0N/m 2 , represents the ideal force-free case. The remaining line p B = Àp T represents the ideal non-force-free case. There are 491 ropes represented in this plot, 47 of which have magnetic field strengths of 50 nT or greater. The data for the weak ropes (| B | < 50 nT) contain a large amount of scatter in the thermal pressure. However, the strong ropes show a definite nonforce-free component. Most of these strong ropes have thermal pressure deviations which lie below the p T = 0 line.
[19] A linear regression analysis of all the high-altitude ropes is shown in Figure 7 . Also shown is the three-sigma variation in the slope and y intercept. A slope of À0.225 ± 0.108 is found with a correlation coefficient of 0.284. The t value for this plot is 6.55. The probability of there being no correlation associated with this t value is quite small. Statistically, a non-force-free component is apparently present for these ropes.
[20] A linear regression analysis (and scatterplot) for the 1802 low-altitude ropes is shown in Figure 8 . The regression line is flat with a slope of 0.001 ± 0.036 and a correlation coefficient of 0.001. The corresponding t value is only 0.042, indicating a very high probability that there is no correlation between the thermal and magnetic pressure deviations. There is a large amount of scatter in this data, but statistically the low-altitude ropes are force-free.
[21] There were 296 high altitude ropes with a SZA less than 60°. Of these ropes, 39 have a peak magnetic field strength larger than 50 nT. The results from the linear regression analysis of these ropes are shown in Figure 9 . A slope of À0.225 ± 0.119 is found, with a correlation coefficient of 0.336 and a t value of 6.12.
[22] The remaining 188 of the high-altitude ropes had a SZA larger than 60°, 8 of which had peak magnetic field strengths of 50 nT or larger. The linear regression results of these large SZA ropes are shown in Figure 10 . A slope of À0.233 ± 0.271 was found, with a correlation coefficient of 0.180, a t value of 2.50, which corresponds to a 0.5% probability of there being no linear correlation in these ropes. This is in agreement with the results found for ropes with a SZA less than 60°.
Discussion
[23] Clearly, there is a large amount of scatter in the electron number density data and hence in the calculated thermal pressures. The magnetic pressure variations for most ''strong'' ropes exceed the scatter in the calculated thermal pressure. The magnetic pressure variations of the smaller, weaker, ropes, however, do not always exceed the scatter in the resulting thermal pressures. In fact, it is difficult to draw firm conclusions about the weaker ropes with magnetic pressures much less than 9 Â 10 À10 N Á m À2 . However, definite statements can be made about the stronger ropes.
[24] Most of the observed ropes were found at low altitudes (below 250 km) in agreement with the finding of Elphic and Russell [1983b] . The linear regression analysis performed on these ropes (see Figure 8 ) clearly shows that they are statistically forcefree, with a high probability that no linear correlation exists. In contrast, high-altitude ropes (altitudes larger than 250 km) show a statistically significant non-force-free component (Figure 7) . We subdivided these high-altitude ropes into low SZA (below 60°) and high SZA populations. Most of the high-altitude ropes were found at low SZA in further agreement with the results of Elphic and Russell [1983b] . The linear regression results of these two populations suggest that statistically the probability of finding the nonforce-free ropes does not depend on the SZA (see Figures 9 and  10) .
[25] The magnitude of the decreases in the thermal pressure across the non-force-free ropes is less than the increases in the magnetic pressure. The ratio of the change in thermal pressure to the change in magnetic pressure for the non-force-free rope from orbit 376 shown Figure 4 (bottom) is 0.85. This is within the 20% error estimate of the thermal pressure based on our assumption of the ion temperature. This is an ideal case because the calculated thermal pressure point occurs close to the same time as the magnetic field peak. The thermal pressure across many of the flux ropes will be slightly underestimated owing to the lower resolution (compared to the magnetometer data) of the electron number density data. Thus the calculated pressure deviations results are not fully resolved to the same degree as the magnetic pressure variations. Higher resolution in the electron number density would perhaps allow the local minima of the pressure deviations to be better resolved, resulting in the slopes of the regression lines in Figures 7, 9, and 10 perhaps being closer to the ideal p B = Àp T line. On the other hand, statistically (see Figure 6) , most of the nonforce-free ropes are only partially non-force-free since they are above the ideal p B = Àp T line.
[26] There is a relationship between the shape of the hodograms plotted from the minimum variance analysis and whether or not the flux rope contains a non-force-free component. The ratio between the difference in the extreme magnetic field strength values in the i component compared to the j component is about unity for the force-free ropes. The plot of the B i versus B j components of these ropes is circular. In contrast, the same ratio in the non-force-free case is not unity; the B i versus B j hodogram is elliptical in this case. Thus the hodograms generated by a minimum variance analysis are also a good indicator of whether or not a flux rope is force-free or not.
Conclusions
[27] We examined 2294 flux ropes encountered by the PVO over 45 orbits. The magnetic and thermal pressure variations across each rope were calculated and compared in order to examine the degree to which each rope was force-free. We found the following:
1. Low-altitude (<250 km) ropes are statistically force-free. 2. High-altitude (>250 km) ropes statistically have a significant non-force-free component (i.e., pressure dips were found).
3. Of the large field (!50 nT), high-altitude ropes, most exist at SZA less than 60°. However, the degree to which the high-altitude ropes are non-force-free does not depend on the SZA, statistically, for the data set we examined.
4. For the several cases we so examined, there is agreement between the force-free nature of a flux rope as determined by the pressure variations across the rope and the shape of the hodograms determined by minimum variance analysis of the magnetic structure of the rope. To the best of our knowledge this is the first study of Venus flux ropes that systematically compares the variations in the thermal and magnetic pressures. There is a large scatter present in the calculated pressures, some of which is due to the low resolution of the electron temperature data. This scatter leads to a large uncertainty in the slopes and low-correlation coefficient in the linear regressions, but the general results still hold.
[28] The existence of pressure (i.e., plasma density) depletions at many flux ropes present at higher altitudes, but apparently not at lower altitudes, has implications for some time constants perhaps relevant to the evolution of these ropes. Suppose a rope-related density depletion were somehow formed at an altitude of $300 km or was formed at another altitude and then transported to this altitude. Assuming that the rope is carried with the background plasma flow, the timescale for vertical or horizontal transport across the extent of the ionosphere (%100 -200 km) is roughly an hour or two over a wide range of altitudes [cf. Cravens et al., 1997] . At 300 km the ion production rate on the dayside is $1 cm À3 s À1 and is primarily due to photoionization by solar extreme ultraviolet radiation [Nagy et al., 1980] and the overall plasma density is roughly 3 Â 10 4 cm
À3
. The time required to ''fill'' a 10% density depletion (%3000 cm À3 ) is the depletion density divided by the production rate, and this is about an hour. Hence it is plausible that a density/pressure depletion could survive the time it takes for the rope to be transported across the ionosphere at higher altitudes. However, the plasma transport (or diffusion) time across a rope, neglecting the effects of the magnetic field, is only a minute or so, so that it must be assumed that the magnetic field acts to inhibit this ''local'' diffusion, thus preventing the depletion from filling in. On the other hand, at lower altitudes (for example, 200 km) the chemical loss and production time constants are much shorter than they are at 300 km, although the transport time remains $1 hour. The production rate at an altitude of 200 km is $200 cm À3 s
À1
, and the total density is $10 5 cm À3 [Nagy et al., 1980] , so that the ''filling time'' for a 10% density depletion is only $50 s, which is much less than the transport time. Hence, at lower altitudes it is unlikely that a density (i.e., thermal pressure) depletion could be maintained; this is consistent with the absence of observed pressure depletions in ropes below 250 km as discussed in this paper (at least to the level of accuracy that the data quality permits these depletions to be identified).
[29] Magnetic flux ropes found in the ionosphere of Venus are complicated phenomena that have been the topic of much study, and many questions pertaining to their properties and formation remain to be answered. Recently, magnetic flux ropes have been observed in the ionosphere of Mars [Cloutier et al., 1999] , and comparisons between the properties of the flux ropes found at each of these planets might prove enlightening.
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